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Introduction
The prognosis for children and adults suffering from high grade glioma is dismal. An improved understanding of disease biology is urgently needed. Gliomas are a heterogeneous group of tumours, but the higher grade tumours -more commonly known as glioblastoma (GBM) -are invariably driven by cells that display features of neural stem and progenitor cells (Lathia et al., 2015) . Many putative genetic and epigenetic drivers of glioma have now been uncovered through systematic genome-wide molecular annotation, opening up a wealth of new directions for fundamental discovery and improved molecular classifications (Brennan et al., 2013; Sturm et al., 2012) . This fundamental knowledge will ultimately lead to new treatments and enhanced patient outcomes; however, in the shorter term there remains an urgent unmet need to repurpose existing drugs for use in GBM as well as identify key molecular targets and develop new lead compounds.
During the past five years there have been remarkable advances across several technologies that will enhance glioma discovery research, including: 1) improved cellular models and stem cell culture conditions (iPS cell, neural stem cell and glioma stem cells), 2) CRISPR/Cas genome editing, and 3) cell phenotypic screening platforms. The emergence of these technologies, paralleled by improved understanding of cancer genetic and epigenetic disruptions, should drive development of novel patient-derived cellular models that can be channelled into cell-based chemical and genetic screens in vitro and xenotransplantation models in vivo. Here we discuss each of these areas, particularly how they intersect and might be deployed in the coming years to improve the prognosis for people living with GBM -one of the most lethal human cancers. We focus on chemical screens using patient-derived cellular models, and the opportunities for gene editing to underpin novel cell-based phenotypic assays.
Use of CRISPR/Cas for genetic screens have been discussed elsewhere (Agrotis and Ketteler, 2015) .
Sources of neural stem and progenitor cells
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4 Much effort has been expended over the past few decades by developmental neurobiologists seeking to define the diversity of neural stem and progenitor cell types responsible for construction of the mammalian central nervous system (CNS) (Gage and Temple, 2013) .
Knowledge of mammalian brain development has largely come from studies of mouse developmental biology and several distinct categories of neural progenitor cells have been identified. The most primitive and earliest-born neural progenitors are termed neuroepithelial cells, and these likely retain the potential to differentiate into a variety of neuronal or glial subtypes. Neuroepithelial cells transit at the onset of neurogenesis into what are now termed apical progenitors (formerly radial glia) that generate neurons, and at later foetal stages glial cells (Taverna et al., 2014) . These apical progenitors generate the wave of newborn neuronal populations, but do so via stepwise transitions along a series of distinct intermediate progenitors (Rowitch and Kriegstein, 2010) . These major temporal transitions in neural progenitor states/subtypes are superimposed by well-understood patterning events that establish distinct positional identity: e.g. forebrain versus spinal cord, or cortex versus striatum.
In the adult mouse brain, two regions have been uncovered in which new neurons are generated throughout adulthood: the hippocampus, and the walls of the forebrain ventricles. A subpopulation of apical progenitors are the founders of adult neural stem cells and these emerge postnatally (Merkle et al., 2004) . The reader is pointed to other reviews which cover these topics in more detail (Bond et al., 2015; Kriegstein and Alvarez-Buylla, 2009) .
Despite this progress, we still lack a comprehensive understanding of the full diversity of distinct immature populations and their differentiation potential and plasticity. New classes of progenitor are still being uncovered in the mouse (Pilz et al., 2013) . Also, inevitably our understanding of the diversity of human neural stem and progenitors has lagged behind that of the mouse, and important species differences are now being uncovered in the repertoire of progenitors and their molecular regulation (Florio et al., 2015; Lui et al., 2011; .
Considerable attention has focussed on the developing cortex, due to its importance in human biology and evolution, and a population of progenitors termed outer radial glia have been A C C E P T E D M A N U S C R I P T
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5 described that are thought to drive the massive expansion of the human (but not mouse) cortical surface area (Hansen et al., 2010) . Application of single cell transcriptome analysis and epigenetic profiling are now providing a more complete picture of the full range of distinct cell types (Johnson et al., 2015) . Open access databases such as Allen Brain Atlas that integrate neuroanatomical and gene expression datasets also provide a wealth of information to understand the genetic and cellular basis of CNS development in mouse and human (Miller et al., 2014) . More recently a related effort has been established for GBM (Sunkin et al., 2013) .
Altogether these ongoing efforts should eventually lead to comprehensive understanding of the gene expression signatures that define the full inventory of distinct neural progenitors.
Pluripotent stem cells (PSCs) -embryonic stem cells (ESCs) and induced PSCs (iPSCs) -are phenotypically similar to the early pre-gastrulation stage human embryo, and therefore provide a valuable tool to explore early human development. Importantly, they also have practical value as a means to produce human neural cell types in the laboratory (Dolmetsch and Geschwind, 2011; Pourquié et al., 2015) , providing a potentially unlimited source of neurons and glia that can be utilised in chemical and genetic screening.
Our knowledge of neural development has been useful to guide approaches to generate, expand and differentiate neural stem cells in vitro (Aboody et al., 2011) . Neuroepithelial cells emerge early during ES and iPS cell differentiation -mirroring the primitive ectoderm to neural ectoderm developmental transition; these then transit into radial glia/apical progenitors that lose epithelial features such as expression of the cell-cell tight junction marker ZO-1 and acquire a 'rosette'-like appearance in culture (Elkabetz et al., 2008) . These in turn go on to differentiate into neurons, and then a later wave of glial differentiation (astrocytes and oligodendrocytes).
It has proven difficult to capture the more primitive neuroepithelial cells and expand them long term. However, mouse or human radial glia-like apical progenitors, whether derived from PSC differentiation, or freshly isolated foetal/adult CNS tissue, can be expanded long-term in culture using the growth factors EGF and FGF-2. These neural stem cells -herein termed 'NS cells' -can be propagated either in suspension culture as 'neurospheres', or using adherent
monolayer. The advantages and disadvantages of these in vitro models have been discussed previously elsewhere (Pastrana et al., 2011 
Neural stem cells and brain cancer
Around 10 years ago there was increased interest in the relationship between neural development, neural stem cells and cancer biology. It became clear that many neural stem cell markers were frequently expressed in and required for growth of gliomas, such as OLIG2 (Ligon et al., 2004; . This raised a related issue of whether CNS derived tumours might arise from stem cells gone awry, and whether these putative cancer stem cells are critical to sustaining tumour growth (Stiles et al., 2008) . Functional data supporting a hierarchy of tumour cell malignancy came via improved methods for fractionating tumour populations based on neural stem cell markers and interrogating their potency in immunocompromised mice (Singh et al., 2004) . Brain tumours may therefore be a 'caricature' of the normal tissue stem cell, as was proposed in the 1960s for tertatocarcinoma (Pierce and Speers, 1988) . Thus, gliomas might not be viewed simply as corrupted proliferative astrocytes, but instead may depend upon, and exploit, the core apparatus used by radial glia-like neural stem cells.
There has been much debate and discussion regarding the significance of cancer stem cellbased models for understanding cancer biology and guiding therapeutic strategies (Kreso and Dick, 2014) . Arguably the most critical question for GBM is whether the putative cancer stem cells are hijacking and exploiting the self-renewal pathways that underpin normal neural stem
cell self-renewal, as this information could eventually be exploited to halt tumour growth and relapse after therapy. Indeed, many of the essential transcriptional and epigenetic regulators of neural stem cells are highly expressed in gliomas and have clear functional importance in sustaining tumour growth (Gallo et al., 2013; Gangemi et al., 2009; Ligon et al., 2007; Verginelli et al., 2013) .
Importantly, those culture conditions widely deployed for the propagation of neural stem cells (serum-free media with EGF and FGF-2) proved extremely well-suited to expansion of patientderived putative glioma stem cells (Galli et al., 2004; Lee et al., 2006; Singh et al., 2003) . Thus, these tumour-initiating cells can be expanded readily while retaining tumour-initiating capacity.
They can also be propagated in adherent monolayer, simplifying chemical and genetic screening (Hubert et al., 2013; Pollard et al., 2009; Wurdak et al., 2010) . Gliomas are therefore one of the few human cancers for which we can isolate, culture, and manipulate primary cancer stem cells, as well as their 'normal' tissue stem cell counterparts (NSCs). Comparing and contrasting glioma stem cells with their genetically and epigenetically normal NS cell counterparts will therefore help to identify potential cancer-specific vulnerabilities.
Patient-derived cellular models and matched controls: a unique opportunity for gliomas
Recurrent genetic and epigenetic perturbations in glioma have now been extensively catalogued (Brennan et al., 2013; Sturm et al., 2012) . Functional genetic analyses in relevant human preclinical models are now needed. There have been recent reports of the exploitation of iPS cells to engineer oncogenic events prior to neural differentiation, thereby providing a model to interrogate glioma associated mutations across a range of regional and temporal human progenitors (Funato et al., 2014; Sancho-Martinez et al., 2016) .
A complementary approach to iPSC engineering is to work with primary foetal and adult derived NS cell lines. Indeed, many groups have now developed large collections of GSC and NS cell lines that can be used in both basic and translational projects (Xie et al., 2015) . Primary
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8 human NS cells provide the genetically normal controls for functional studies and comparison with glioma stem cell cultures ( Figure 1 ). Primary NS cells from foetal forebrain, midbrain and hindbrain tissues (typically from week 7 to 14 human embryos) will likely be very useful for modelling paediatric GBM and assessing how regional identity influences the competence to respond to particular glioma mutations. Adult human NS cell lines, derived from essentially healthy donors (CNS material from epilepsy surgery), are more difficult to establish, but there have been reports of successful cultures established from adult forebrain SVZ (Sanai et al., 2004) . In the coming years these cellular models will help us to study the origins of GBM and how their spatial and temporal diversity influences the response to oncogenic insults.
One of the limitations of functional cellular genetic studies in human iPS cells has been cell line variations, in part due to their diverse genetic backgrounds. Isogenic matched cell line pairs, where the only genetic difference is at candidate gene/locus of interest provide the most rigorous controls to draw meaningful conclusions. Similarly, for GSCs it would be valuable to generate NS cells that are isogenic to original patient tumour cell of origin. There is in fact a good opportunity to do this, as iPS cells can be differentiated into NS cells in vitro, and compared to the patient tumour-derived GSCs. Such isogenic matched cell lines will be essential as high quality genetic controls (Figure 1 ). These sets of patient-derived models and their normal genetically matched controls should also be amenable to genome editing, opening up opportunities to engineer glioma mutations.
Genome editing to engineer normal and glioma-derived stem cells
Engineering precise genetic changes into the mouse genome of PSCs using gene targeting has been the gold standard approach to explore cancer gene function and creation of genetically engineered mouse models (GEMMs). Standard gene targeting approaches involve generation of a targeting vector and delivery to PSCs by in vitro transfection and subsequent selection of rare clonal lines with the desired change. However, this is often time-consuming and requires significant expertise. CRISPR/Cas technologies have caused tremendous
excitement across many areas of life sciences and medicine, as these designer nucleases enable site-specific engineering of the genome in a much more efficient manner -including efficient editing of the human genome in iPS cells.
A unique opportunity has arisen to deploy these technologies for new drug development for GBM, across several areas: first, identification of new molecular targets through genome-wide CRISPR screens Munoz et al., 2016; Toledo et al., 2015) ; second, 
Knock in reporter cell lines:
In parallel to exploring driver mutations it should be possible to perform knock in of useful reporters or other cargos to the safe-harbour AAVS1 locus (the AAVS1 is equivalent to the ROSA26 locus in mouse). For example, in a simple scenario, knock in of a constitutive eGFP and Luciferase labelled expression cassette would be extremely useful for tracking xenograft growth in live animals using small animal imaging with a bioluminescence or intravitral imaging system. This overcomes the issue of stable transfection via lentivirus, and removes issues of silencing: a persistent problem when using random insertion transgenesis. Introduction of eGFP, mCherry or BFP2, fluorescent reporters under the control of a variety of endogenous gene promoters (SOX2, FOXG1, OLIG2) also provides useful live cell reporters to monitor 'stemness' and conversely differentiation (AQP4, CNPase, NFM; for astrocyte oligodendrocyte and neuron, respectively). These lineage reporters have great utility in vitro for high content phenotypic screening.
Cell-based phenotypic screening
Phenotypic screening can be defined as the quantification of functional biological endpoints from physiological-based model systems following exposure to libraries of small molecule chemicals, gene-targeting perturbations or proteins/antibodies (Lee and Berg, 2013; Yarrow et al., 2003) . This is particularly useful in stem cell based models where cell heterogeneity and shifts in differentiation status mean individual cell behaviour must be tracked.
Phenotypic screening is typically performed with cell-based assays or model organisms amenable to automated medium-to high-throughput screening platforms. Smaller focused phenotypic screens using high quality tool compound libraries (see Box 1) can also be employed to determine which pathways are involved in a particular process.
In contrast to the widely adopted target-directed drug discovery (TDD) model, in which screening is directed upon a pre-nominated protein target, phenotypic drug discovery (PDD)
does not depend on prior knowledge of molecular targets (Figure 4 ). PDD can also be applied to the discovery of novel drug combinations, or to support disease repositioning by screening approved drug libraries (Dawson and Carragher, 2014; Reaume, 2012) . In contemporary drug discovery projects phenotypic screens are typically placed as secondary screening assays to confirm the quality and physiological relevance of novel antagonists or agonists derived from high throughput biochemical or structure-based screening. By placing phenotypic screening at the beginning of the drug discovery paradigm however it is possible to identify new targets or novel small molecules for further investigation.
The emergence of new molecular biology techniques, such as genome sequencing and more in-depth understanding of genetic linkage with human disease, has led to TDD being preferred drug discovery strategy by both the biopharmaceutical industry and core academic drug discovery groups. However, the anticipated increase in clinical approval rates of novel first-inclass therapies has not followed, indeed, the exponential increase in investment in reductionist TDD strategies has coincided with an overall decline in R&D productivity (Paul et al., 2010; Scannell et al., 2012) . Cancer has been highlighted as a fruitful area for modern TDD strategies
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12 (Hoelder et al., 2012) , however, cancer subtypes which do not fall into well-defined molecular subtypes remain intractable to new treatments derived from both strategies. This is particularly apparent in glioma where there have been no advances in effective targeted molecular therapies. The minimal impact of TDD strategies on the most serious cancers, including gliomas is of serious concern.
The rapid evolution and convergence of new technologies, including advances in image-based phenotypic screening, iPSC technologies and gene editing, are well placed to advance a new era of modern phenotypic screening in cell-based models of disease. The widespread use of basic phenotypic screening assays applied to established cell lines, which poorly model disease, most likely underestimates the true impact that PDD strategies will have. Furthermore, the development of more informative phenotypic screening across more disease relevant cell models plays a major role in enhancing TDD by supporting more robust target validation and secondary screening assay cascades. We propose that further development and increased adoption of the latest advances in image-based phenotypic screening, patient-derived primary cell models, iPSC and genome editing should have a significant impact in identifying new hits and leads for GBM. Clearly TDD and PDD represent complementary approaches and both have their value in the drug discovery effort. PDD involves increased effort and costs (labour and reagent costs) in acquiring large amounts of imaging data and lower throughput compared to TDD. However, for primary GBM clear-cut therapeutic target hypothesis and robust validation of novel molecular targets, which could be drivers across all the disease subtypes, have not emerged. Consequently an unbiased PDD approach is therefore particularly appealing, as unexpected pathways and biology can emerge, as recently exemplified by the study of Kitambi et al (Kitambi et al., 2014) .
Advances in image-based phenotypic screening
Microscopy has a long established role in the history of scientific research and represents a cornerstone of cell biology and pathology. Traditionally, microscopic imaging has been applied
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13 manually across small sample numbers to provide subjective evaluation of cell behavior and in vivo physiology. Robotic automation of microscope operation and associated phenotypic assays (e.g. immunocytochemistry protocols) is currently transforming the field of microscopy towards higher throughput and more quantitative applications. Significant advances have also been made in optical performance, fluorescent reporter molecules, image-analysis and imageinformatics, High content analysis of multiparametric features extracted from fluorescent or brightfield images of cells, tissues or small-model organisms is now possible (Taylor et al., 2001 ) providing quantitative readouts of phenotypic traits.
These developments have also supported higher throughput application of phenotypic screening to large chemical libraries, whole genome arrayed si/shRNA libraries, dose-matrix combination screening and comparison of phenotypic response across genetically distinct cell panels (Caie et al., 2010; Dawson and Carragher, 2014; Neumann et al., 2006; Yarrow et al., 2003) . A significant advantage in high-content imaging over other high throughput phenotypic screening platforms is the extraction of functional data points with high spatial resolution across X, Y and Z dimensions, allowing meaningful screening assays to be conducted in more complex multicellular and 3D models (Wenzel et al., 2014) .
Live-Cell Kinetic Imaging
Integration of robust atmospheric and temperature control of biological samples mounted within high-content screening platforms, together with the development of novel optical biosensors and fluorescent reporter constructs, have increased the scope of phenotypic screening to include live-cell kinetic imaging. These approaches inevitably push resource limits in terms of assay development timelines and computational power required for image storage and analysis. So they are difficult to scale to high throughput screening (tens of thousands of compounds). Nevertheless, they provide extremely rich phenotypic information, and critical kinetic and spatial information, which may have greater value in hit selection and validation of compounds or the dose-response assays, for example to capture cellular transitions during
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14 differentiation; differentiation therapy is one potential strategy to limit cancer stem cell selfrenewal which is being explored. Developments in the design of compact automated imaging platforms, which can be placed inside an environmental chamber (IncuCyte-Zoom TM ; Cell-IQ® and Biostation CT) and integrated with external and internal plate handling robotics further supports longer-term kinetic cellular assays across multiwell plates within a stably controlled microenvironment at scale. Long-term kinetic imaging and phenotypic screening can thus be performed under defined environmental conditions, for example normoxia or hypoxia, which may more accurately reflect the physiology and pathophysiology of tissues in vivo.
Kinetic analysis of cell phenotype following exposure to chemicals can reveal unique insights into cellular pharmacology, which are not apparent from traditional fixed endpoint assays. For example, cell physiological processes that operate under precise temporal and spatial control such as cell-cycle transition, motility, cell death, cell signaling and subcellular trafficking of proteins including oscillatory nuclear-to-cytoplasmic translocations can only reliably be recorded by kinetic analysis of live cells.
Long-term image-based kinetic analysis of cell phenotypes facilitates quantification of stem cell differentiation and cell fate. Such image-based live cell phenotypic screening studies can be applied to discover modulators which accelerate or delay stem cell differentiation. Our groups have utilized such live cell imaging to probe small chemical libraries for effects on both NS and GNS cells (Danovi et al., 2010; Pollard et al., 2009) . Kinetic analysis of phenotypic response further supports the selection of the most informative and appropriate time-points for higher throughput endpoint assays. This may include the selection of the most optimal timepoint or time-points to measure transient phenotypic response or selection of earliest timepoint/phenotypic measure predictive of long-term stem cell fate to accelerate stem cell screening studies. Thus, while the throughput is reduced, the potential for obtaining rich biological information is immense. This will guide assay development, hit selection and inform subsequent drug discovery and development strategy.
Multiparametric phenotypic profiling
Traditional cell-based phenotypic screening assays depend upon simple cell viability or genetic reporter readouts, and therefore provide limited information on drug mechanism-of-action to guide hit selection. Such basic phenotypic assays also provide limited opportunity to direct structural activity relationships (SAR) and guide chemical design towards precise phenotypes representing enhanced efficacy and safety features. These are important issues to address.
The evolution of multiparametric phenotypic assays combined with multivariate statistics and a variety of new image-informatics methods have produced the discipline of phenotypic profiling.
Phenotypic profiling enables the classification of phenotypic response and thus compound mechanism-of-action based upon similar multiparametric phenotypic fingerprints (Carpenter et al., 2006; Feng et al., 2009; Perlman et al., 2004; Tanaka et al., 2005a) . The application of phenotypic profiling and image-informatics methods incorporating machine learning and artificial neural networks has steadily evolved to support robust phenotypic profiling across distinct cell types (Caie et al., 2010; Ljosa et al., 2013; Smith and Horvath, 2014) . A key requirement of image informatics methods applied to multiparametric high content data sets is a minimal number of measured features with retention of maximal phenotypic information.
Feature reduction methods including principal component analysis, factor analysis and support vector machines have been commonly used to distil multiparametric high content data to single endpoints, which can be used to rank compound performance and integrate phenotypic response with orthogonal datasets (Ljosa et al., 2013; Tanaka et al., 2005b) . Phenotypic data reduction to single endpoints supports the association of biological similarity with chemical similarity to guide chemical design and direct SAR from phenotypic response (Young et al., 2007) .
Cheminformatics and chemical library design for phenotypic screening
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Phenotypic profiling methods have also been combined with cheminformatics approaches to further guide chemical design based on phenotypic data and development of the most appropriate chemical libraries for phenotypic screening applications Wawer et al., 2014) . While the methods for defining chemical similarity and linking chemical structure to phenotypic response data are still evolving, chemical features associated with frequent 'hits' in multiple diverse cell-based assays representing 'non-specific' phenotypic outcomes can be identified and interpreted appropriately (Tanikawa et al., 2009) . Alternatively, compounds with distinct chemical features which produce similar biological phenotypes might be considered starting points for new library synthesis directed at specific phenotypic outcomes.
The development of publicly available cheminformatics databases, combined with commercially available chemically diverse libraries and annotated compounds, supports further advancement of phenotypic screening (see box 1 for links to further information on these resources).
Specifically, custom-designed phenotypic toolbox compounds, which provide a reference library for classifying the mechanism-of-action of unknown compounds, continue to be developed and expanded. Such development supports the expansion of phenotypic screening beyond large pharma into small biotech and academic translational research groups.
The road ahead: linking phenotype with genotype to advance pharmacogenomics studies in glioma
Application of high content screening across genetically distinct cell lines can help elucidate drug mechanism-of-action and guide clinical positioning by linking phenotype to genotype (Johannessen et al., 2015) . Transcriptional profiling of well-characterized cancer cell-line panels such as the NCI-60 collection has supported such studies. Correlation of the NCI-60 transcriptional profiles with phenotypic response to compound treatments using existing cell viability assay results produced over 200 gene expression based signatures for compound sensitivity (Staunton et al., 2001) . These early results provided the impetus for expansion of
high throughput pharmacogenomics studies across larger cancer cell line panels including a study led by the Sanger Institute across 639 cancer cell lines and a separate study led by the Broad Institute in collaboration with Novartis across 949 cell lines (Barretina et al., 2012; Garnett et al., 2012) . Both studies used a simple cell viability assay readout for recording phenotypic response and quantification of drug sensitivity.
Comparative analysis of both studies revealed inconsistencies (Haibe-Kains et al., 2013; Stransky et al., 2015) . Some of this may be attributed to the use of transformed cell lines, which are often genetically unstable and no longer represent the primary cells and tissues from which they were originally derived. Also the simple whole well cell viability endpoint employed in these studies lacks precise mechanistic information. The advances in precise gene editing technologies such as CRISPR/Cas can provide genetically defined models representative of a wider variety of glioma subtypes. These cell lines can be used to precisely quantify and classify cell phenotype (Shalem et al., 2014) . The convergence of gene-editing with iPSC and high content phenotypic screening further enable the expansion of high throughput pharmacogenomics studies from simple cell viability endpoints to more complex phenotypes and assay formats which can help define new targets for glioblastoma.
In summary, frontloading cell based phenotypic models of glioma at the earliest stages of the drug discovery using disease relevant cellular models will fast track the identification of the most promising therapeutic targets and candidate drugs. The rationale outlined here represents our perspectives on how these new technologies are opening up drug pipelines that will hopefully lead to new drugs and improved clinical outcomes for glioma patients. 
